ABSTRACT
INTRODUCTION
Persistent asthma is a chronic disorder characterized by increased airflow obstruction, bronchial hyperresponsiveness, and, typically, eosinophilic inflammation. However, standard measures for its diagnosis and management rely on symptoms and lung function without monitoring inflammatory markers. Fractional exhaled nitric oxide (FeNO) is an established marker of airway inflammation associated with atopic or allergic asthma. This inflammation is stimulated by T-helper type 2 cells that secrete cytokines interleukin (IL)-4, IL-5, and IL-13 leading to type 2 immunity characterized by high immunoglobulin E (IgE) antibody levels and eosinophilia. 1 Although FeNO assessment is conducted in some asthma specialty clinics, it is not routinely used to diagnose or to manage asthma.
Studies report that FeNO measurements might provide additional information for more complete asthma assessment. 2 Elevated FeNO levels may help to 1) diagnose asthma, 3, 4 2) predict asthma exacerbations and loss of control, [5] [6] [7] 3) assess adherence to inhaled corticosteroid (ICS) treatment, 8 and 4) guide management of chronic asthma. [9] [10] [11] [12] A prospective 1-year observational UK study reported that FeNO was useful to guide ICS therapy initiation and dosage, and to identify nonadherence. 13 In the US, allergists incorrectly classified airway inflammation about half of the time in their patients compared with use of actual FeNO levels. 14 A recent nonblinded, pragmatic, cluster-randomized 1-year trial among primary care practices compared care directed by both FeNO and the Asthma Control Questionnaire with care directed only by the Asthma Control Questionnaire in adult asthmatic patients. 12 The study reported lower medication costs and the probability of cost-effectiveness with FeNO care. 12 In other studies, higher FeNO levels were significantly associated with excess shortacting β 2 -agonist (SABA) use and asthma exacerbations in patients with persistent asthma. 15, 16 Th e American Thoracic Society recognized the potential utility of FeNO and published guidelines on its practical use. 17 More recently, the Agency for Healthcare Research and Quality published a comparative effectiveness review on the clinical utility of FeNO in asthma management. 18 Given these findings and the need for real-world studies to determine the utility of FeNO determinations in asthma specialist care, we conducted a prospective observational study in patients with persistent asthma. We determined whether FeNO-assisted care added to standard guideline-based care 19 was associated with improved asthma outcomes. We hypothesized that knowledge of FeNO levels added to guideline-based care would improve asthma outcomes.
METHODS

Study Design
We conducted a prospective pragmatic observational study to evaluate the utility of FeNO assessment in asthma management of persistent asthma among allergists in a managed care setting. Eligible patients with persistent asthma scheduled for an allergy appointment between October 23, 2012, and July 31, 2013, at a participating Kaiser Permanente Southern California (KPSC) Allergy Department (San Diego, Harbor City, Downey, Fontana, and Panorama City Service Areas in California)
were identified electronically using patient characteristics, medical utilization review, and pharmacy data from the KPSC Research Data Warehouse (Figure 1) . 20 
Patients
Eligible patients were age 12 years and older, had a KPSC-specific encounter code for an asthma diagnosis, were dispensed an asthma controller in the prior 6 months, had continuous Health Plan enrollment (no gap longer than 45 days) and pharmacy benefit 1 year before the scheduled Allergy Department visit (index date), and manifested uncontrolled asthma determined by the Asthma Control Test (ACT) on the index date (see "Asthma Impairment Assessment" in the Study Measures section). Patients were excluded for the following conditions: 1) nonasthma lung disease in the prior 3 years: Chronic obstructive pulmonary disease, emphysema, cystic fibrosis, chronic bronchitis, bronchiectasis, pulmonary hypertension, ciliary dyskinesia, α 1 -antitrypsin disease, bronchiolitis obliterans, or hypereosinophilic syndromes (eosinophilic granulomatosis with polyangiitis); 2) autoimmune disorder in the prior 3 years; 3) immune deficiency, HIV, drug addiction, or active cancer requiring any therapy except for antihormonal therapy; 4) transplantation of a major organ or immunosuppressant therapy in past year or in the follow-up year; 5) omalizumab therapy within the prior 12 months; and 6) visits to both FeNO-assisted and standard-care Allergy Departments in the follow-up year. The main cohort included all eligible study patients, and the atopic cohort included only those patients from the main cohort with documented aeroallergen sensitization.
Study Sites
Five Allergy Departments in the KPSC Region where asthma care was routinely provided agreed to participate. The San Increase ICS to medium dose if patient is receiving low-dose ICS.
Next step: Add LTRA.
Next step: Go to high-dose ICS.
Next step: Add LABA.
Next step: In adults only, add tiotropium.
Increase ICS up to maximal high-dose ICS.
Next steps: Add sequentially LTRA, then LABA. Diego Allergy Department was the only one that had incorporated FeNO determination in the routine assessment of asthmatic patients, and as such was selected as the FeNO-assisted care study site. A management algorithm based on FeNO level, asthma control status, and step-care level was provided to the allergists at the FeNO-assisted care site ( Table 1) . The other 4 Allergy Departments, not using FeNO for asthma assessments, were selected for the standard-care sites. The standard-care sites followed their usual care practices, which were based on the National Asthma Education and Prevention Program (NAEPP) guideline. 19 
Study Measures
Fractional Exhaled Nitric Oxide Determination
Before spirometry, FeNO was determined with the NIOX MINO handheld device 21 
Asthma Risk Assessment
An asthma exacerbation was defined by a hospitalization or Emergency Department (ED) visit with a primary diagnosis of asthma (International Classification of Diseases, Ninth Revision Code 493.x), or an oral corticosteroid (OCS) dispensing within 5 days before or after an outpatient visit linked to a KPSC encounter coded for uncontrolled asthma (ie, acute exacerbation, status asthmaticus, acute asthma attack, uncontrolled asthma, or asthmatic bronchitis). 20 Qualifying events had to be separated by more than 5 days from each other to be counted as distinct exacerbations.
Asthma Impairment Assessment
The validated ACT assessed asthma control. 23 A score below 20 indicates uncontrolled asthma, and a score less than 16 indicates very poorly controlled asthma. [23] [24] [25] Seven or more SABA canisters dispensed in a year (equivalent to ≥ 4 puffs/d), a validated administrative marker for uncontrolled asthma, was used to define excessive SABA use. 26 In December 2012, KPSC initiated a Pharmacy Therapeutic Substitution program in which individual physicians signed an albuterol therapeutic substitution form that allowed KPSC pharmacies to convert multicanister albuterol inhaler dispensations to 1 canister only. By June 2013, approximately 90% of physicians signed off on this change. This program led to a marked reduction in the dispensing of albuterol and, as such, reduced the proportion of patients dispensed 7 or more SABA canisters during the study.
Other Assessments
Allergen sensitization was determined by specific IgE or immediate skin tests to aeroallergens. Specifically, aeroallergen sensitization was determined by Phadia ImmunoCAP (Thermo Fisher Scientific Inc, Carlsbad, CA) to 7 perennial and 6 pollen allergens (a level of specific IgE ≥ 0.35 IU/mL was a positive test) or a panel of immediate skin test aeroallergens specific to each Allergy Department as previously reported (a wheal ≥ 3 mm larger than saline control indicated a positive test result). 15 Spirometry using electronic pneumotach spirometers by American Thoracic Society standards was determined at the index visit and follow-up visits at each study site. 15 Levels of education and median household income were determined by geocoding address information to the census-block level and linking to census-based block group-level socioeconomic information. 20 The Charlson Comorbidity Index, 27 other comorbidities, and controller medication use were captured electronically from the KPSC Research Data Warehouse. 20 The Asthma Risk Scale was determined by previously validated criteria that included ED visits or hospitalizations and dispensing of excessive SABA canisters or OCS. 28 The Asthma Medication Ratio, a Healthcare Effectiveness Data and Information Set quality measure predictive of future asthma ED visits or hospitalizations, was assessed as the number of dispensed asthma controller units (inhaled controller medication canisters or 30-day supplies of oral controller medications) divided by the total number of controller units and SABA canisters dispensed. A ratio of 0.5 or greater is the minimum value for determining appropriate asthma controller medication management. 29 The NAEPP step-care level was based on controller dispensing as previously reported. 30 Dispensing of 9 or more units of controllers per year, equivalent to at least 75% adherence, was used as a proxy for adherence to treatment. 31 
Outcomes
The composite outcome was an asthma exacerbation or dispensing of 7 or more SABA canisters in the outcome year. Other outcomes were asthma exacerbations, asthma-related ED visits, hospitalizations, OCS dispensed, and 7 or more SABA canisters dispensed.
Statistical Analyses
The FeNO-assisted care was hypothesized to reduce the composite outcome by 25%. The estimate of sample size was based on unpublished data from a prior study, 15 in which 116 (38.2%) of 304 patients with persistent asthma aged 12 to 56 years receiving ICS therapy had uncontrolled asthma as determined by an ACT score below 20. Of these 116 patients, 56 (48.3%) had 1 or more asthma exacerbations or 7 or more SABA canisters dispensed in the follow-up year. The present study had 80% power at the 0.05 level to detect a 25% reduction in the composite primary outcome with a total of 776 patients (388 per group). Given the needed time to identify about 400 eligible patients for the FeNO-assisted group and the need to identify both groups during the same period, we estimated that the standard-care group would be about 2-fold larger. The sample size was inflated to account for the atopic subgroup analysis.
Baseline covariates between the 2 study groups in the main cohort were balanced by using inverse probability of treatment weighting (IPTW ). 32, 33 For each study subject, the probability of receiving FeNO-assisted care was first estimated by using logistic regression models based on the following covariates at baseline: 1) demographics (age, sex, race/ethnicity, geocoded median household income, state insurance program, Medicare, duration of Health Plan membership of ≥ 15 years, and current smoking); 2) comorbidities (obesity, Charlson Comorbidity Index, rhinitis, sinusitis, acute upper respiratory tract infection, infectious diseases, endocrine/ immune disorders, dermatologic diseases, musculoskeletal disorders, and anxiety); 3) medication dispensing (≥ 7 SABA canisters, ICS, ICS/long-acting β 2 agonist combination, leukotriene modifiers, 9 or more units 16 , and Asthma Risk Scale). A weight for each subject was calculated. For patients in the FeNO-assisted care group, the weight was the inverse of the propensity score calculated above; for patients in the standard-care group, the weight was the inverse of 1 minus the propensity score. The weights were then applied in regression models described in the next paragraph to estimate the group effects on the outcomes. [32] [33] [34] To compare baseline covariates, a χ 2 test was applied. Standardized differences were calculated to compare the patient baseline characteristics before and after the weights were applied. 35 A standardized difference of variables between treatment groups less than 0.1 indicates good balance between comparison groups. 34 Cox proportional hazards regression models were used to estimate hazard ratios of developing the outcomes and their 95% confidence intervals (CI). Poisson regression models with a robust standard error were used to estimate risk and rate ratios and their 95% CI. 36, 37 When risk ratios (RRs) were estimated, the analyses were limited to subjects who had complete follow-up in the 12-month follow-up year. The analyses were performed in all study subjects and in atopic patients with aeroallergen sensitization (prespecified). SAS (Version 9.3 for Windows, SAS Institute Inc, Cary, NC) was applied to analyze data. Tests were 2-tailed with significance set at p < 0.05.
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RESULTS
Patient Characteristics
Eight hundred ninety-six patients were initially identified for the FeNO-assisted group and 2106 patients were identified for the standard-care group. After exclusion of patients with controlled asthma (ACT score ≥ 20), the final study groups with uncontrolled asthma consisted of 426 in the FeNO-assisted care group and 925 in the standard-care group (Figure 1 ).
Patients were predominately middleaged, female, nonwhite, middle-income, Figure 2 . Adjusted hazard ratio (HR) (95% confidence interval [CI]), risk ratio (95% CI), or rate ratio (95% CI) of developing the asthma outcomes in the follow-up year in the main cohort. Panel A. All 1361 enrolled patients (426 FeNO-assisted care vs 925 standard-care patients) were included for estimating hazard and rate ratios, and 1279 patients (404 FeNO-assisted care vs 875 standard-care patients) with 12-month data were included for estimating risk ratio. Panel B: Atopic subgroup with aeroallergen sensitization. A total of 1061 patients (337 FeNO-assisted care vs 724 standard-care patients) were included for estimating hazard and rate ratio, and 1002 patients (317 FeNO-assisted care vs 685 standard-care patients) with 12-month data were included for estimating risk ratio. FeNO = fractional exhaled nitric oxide; IPTW = inverse probability of treatment weighting; SABA = short-acting β 2 -agonist.
nonsmokers, and long-term Health Plan enrollees (see Supplement Table S1 , available at: www.thepermanentejournal. org/files/2019/18-109-Suppl.pdf ). Comorbidities were frequent (46.6% obese, 66.3% with rhinitis, and 30.7% with sinusitis), and asthma burden in the prior year was high (56.0% had ≥ 1 asthma exacerbation, 19.2% had ≥ 7 SABA canisters dispensed, 65.3% were medium to high risk on the Asthma Risk Scale, and 30.9% required NAEPP step-care levels 5 to 6 [see Supplement Table S1 , available at: www.thepermanentejournal.org/ files/2019/18-109-Suppl.pdf ]). At the initial visit, 58.6% of the patients were very poorly controlled with an ACT score less than 16, and 26.9% had an abnormal FEV 1 /FVC ratio for age. Aeroallergen sensitization, the phenotype most likely to benefit from FeNO-assisted care, was noted in 78.5% of the patients, with the majority (52.3%) sensitized to both perennial and pollen allergens (see Supplement Table S1 , available at: www. thepermanentejournal.org/files/2019/18-109-Suppl.pdf ).
In the FeNO-assisted group, the mean FeNO level (standard deviation) was 35.6 (33.5) ppb, with 79 patients (18.5%) at a high level (> 50 ppb), 100 (23.5%) at an intermediate level (25-50 ppb) , 219 (51.4%) at a low level (< 25 ppb), and 28 (6.6%) without a test (testing not done or unacceptable at baseline). Of these latter 28 patients, 9 (32.1%) had a FeNO level determined during follow-up.
Study groups differed in many baseline features before IPTW adjustment and became balanced after IPTW adjustments (see Supplement Table S1 , available at: www.thepermanentejournal.org/ files/2019/18-109-Suppl.pdf ).
Of the enrolled patients, 404 (94.8%) of 426 in the FeNO-assisted care group and 875 (94.6%) of 925 in the standardcare group had complete 1-year follow-up.
Primary Outcome
The primary outcome was 1 or more asthma exacerbations or 7 or more SABA dispensed canisters in the outcome year.
Main Study Cohort
A similar frequency of the combined primary outcome (35.9% vs 37.2%, p = 0.71) occurred in FeNO-assisted care compared with the standard-care group (Table 2) 
Secondary Outcomes
Main Study Cohort
Compared with the standard-care group, the FeNO-assisted group evidenced 
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Atopic Subgroup with Aeroallergen Sensitivity
The rate of asthma exacerbations (adjusted rate ratio 0.67, 95% CI 0.49-0.91, p = 0.01, Figure 2 , Panel B) was less in the FeNO-assisted care compared with standard-care group. There were no significant differences between study groups in the frequency of or time to the first asthma exacerbation (Figure 2, Panel B) .
DISCUSSION
We studied whether knowledge of FeNO levels added to guideline-based care would improve asthma outcomes in patients aged 12 years and older with persistent asthma who were receiving care in an Allergy Department within a managed care setting. We found that compared with standard care, FeNOassisted care was not associated in the main cohort with reducing the primary composite outcome of dispensing of 7 or more SABA canisters or an asthma exacerbation, nor with these variables as separate outcomes. However, in an atopic subgroup with aeroallergen sensitization, the rate of asthma exacerbations was lower with FeNO-assisted treatment (adjusted rate ratio = 0.67, 95% CI = 0.49-0.91, p = 0.01). The significantly lower asthma exacerbation rate in the atopic subgroup with FeNO-assisted care was consistent with findings found in other atopic cohorts, 18 particularly associated with varying asthma phenotypes. [38] [39] [40] [41] [42] The results of the present study were generally consistent with findings from several meta-analyses of randomized controlled clinical trials carried out with varying designs on the added utility of FeNO measurements to standard guideline care in adults alone, 43, 44 children alone, 45, 46 or both children and adults. 2, 11, 47 The recent Agency for Healthcare Research and Quality comparative evidence report on FeNO utility noted that the use of asthma management algorithms that incorporate FeNO testing in adults and children age 5 years and older reduced the risk of overall asthma exacerbations (strength of evidence: High), and possibly the risk of severe asthma exacerbations requiring oral steroids (strength of evidence: Moderate), but "did not affect other outcomes such as hospitalization, quality of life, asthma control, or FEV 1 % predicted." 18 The most recent metaanalysis of 7 randomized studies included a study in pregnant asthmatic patients 48 and in primary care patients 49 and compared tailoring asthma medications on the basis of FeNO levels vs primarily clinical symptoms. The meta-analysis found that the frequency of moderate asthma exacerbations decreased (odds ratio = 0.60, 95% CI = 0.43-0.84). However, the meta-analysis did not find a difference between FeNO intervention and controls in exacerbations requiring rescue OCS (odds ratio = 0.86, 95% CI = 0.50-1.48), hospitalizations, or daily clinical symptoms, end-of-study FeNO levels, or ICS dose. The meta-analysis concluded that "the universal use of FeNO to help guide therapy in adults with asthma cannot be advocated," but because the main benefit was a reduction in asthma exacerbations, FeNO-tailored intervention "may be most useful in adults who have frequent exacerbations." 44 The randomized controlled study in primary care by Syk et al 49 demonstrated that FeNO-guided care did not significantly improve the primary outcome of change in the Mini Asthma Quality of Life Questionnaire score but did improve significantly, but not to a clinically meaningful level, the score on the Asthma Control Questionnaire. Moreover, as in the present study, FeNO-guided care did not reduce severe exacerbations requiring systemic corticosteroids in the main cohort 49 ; however, evidence for reduction in asthma exacerbations was noted in the atopic subgroup. Moderate exacerbations, defined as "deterioration in symptoms with the need to step up controller treatment for at least 2 days, with or without a concomitant clinic visit or contact" were reduced by FeNO-guided care, 49 but were not measured in the present study. In the present study, there was some evidence that in an atopic subgroup, the rate of asthma exacerbations was reduced with FeNO-assisted care.
Differences in findings between the present study and those previously reported may in part be because of lack of randomization of the present study, infrequent follow-up visits given the realworld study design, and capturing more severe exacerbations requiring OCS in the present study. Other possible reasons for the differences include disparities between the utility of FeNO-assisted care in atopic and nonatopic patient phenotypes, treatment-directed decisions based on different FeNO cutoff points, different pharmacologic intervention algorithms, differences in asthma control status at baseline, and the presence of many asthma management programs at KPSC.
Several limitations of the current study deserve comment. IPTW statistically balanced the baseline differences between study groups; however, potential incomplete adjustment may still exist because administrative data did not allow for collection of all factors that may be related to future asthma exacerbation. As such, differences between nonrandomized groups may still exist, with potential bias remaining that could have affected the study findings. Because the study was designed to be real-world, follow-up visits were not prespecified, but determined by physician preference. As observed, only about 60% of patients in both study groups had a return Allergy Department visit. The infrequency of return visits limits the potential effect of FeNO assessments on management and asthma outcomes. In retrospect, the inclusion of nonatopic patients in the present study, who comprised more than 20% of the cohort, might have limited the effect seen with FeNO-assisted care. Although a recommended guideline of asthma management was given to FeNOassisted group physicians, the dispensing of controllers and the NAEPP step-care levels were similar between groups during the outcome year. It was hypothesized that FeNO assessment would alter controller dispensing patterns on the basis of FeNO level. This was not observed. The institution of a systemwide KPSC program that changed ordering practices for albuterol prescriptions from multiple to only 1 canister per dispensing during the study was unanticipated and could have affected the primary composite outcome of albuterol use and exacerbations. It cannot be determined whether this change affected the 2 groups differentially, but the FeNO-assisted care group did evidence a higher proportion of patients at baseline with 7 or more dispensed SABA canisters. Another potential limitation was that exacerbations required physician coding of specific events, which could be inconsistent among physicians.
It should be highlighted that a managed care organization like KPSC delivers health care in an organized system that manages cost, utilization, and quality. Managed care members of KPSC may have different characteristics from patients in nonmanaged care organizations, and, as such, the present findings may not be generalizable to all patients with asthma. It also should be noted that FeNO determination has associated costs, both tangible (equipment and disposable materials) and intangible (medical assistant and patient's time), with the latter potentially interfering with usual patient flow in a busy practice. As such, cost-benefit analyses, not done in the present study, are needed. As noted, 1 study provided evidence suggestive of an economic benefit. 12 
CONCLUSION
This observational study used IPTW adjustment to balance differing baseline covariates between study groups and compared FeNO-assisted care with standard care among allergists. The study did not observe an improvement in overall asthma control assessed by a composite primary outcome of excess SABA use or an asthma exacerbation with FeNO-assisted care compared with standard care for either the primary composite outcome or secondary outcomes in the main cohort composed of patients with both atopic and nonatopic asthma. However, in the atopic subgroup a lower asthma exacerbation rate was found with FeNO-assisted care, which agreed with findings from real-world randomized studies. Given the lack of randomization in the current study and the need to statistically balance baseline differences between study groups, cautious interpretation of the study findings is needed. The lessons learned from the present study could be the impetus for more definitive real-world randomized studies, particularly in determining the utility of FeNO-assisted care in patients with evidence of atopic type 2 asthma. 50 v
